Summary. The hippocampus is crucial for normal brain function, especially for the encoding and retrieval of multimodal sensory information. Neuropsychiatric disorders such as temporal lobe epilepsy, amnesia, and the dementias are associated with structural and functional abnormalities of specific hippocampal neurons. More recently we have also found evidence for a role of the hippocampus in the pathophysiology of schizophrenia. The most consistent finding is a subtle, yet significant volume difference in schizophrenia. Here we review the cellular and molecular basis of smaller hippocampal volume in schizophrenia. In contrast to neurodegenerative disorders, total hippocampal cell number is not markedly decreased in schizophrenia. However, the intriguing finding of a selective loss of hippocampal interneurons deserves further study. Two neurotransmitter receptors, the GABAA and AMPA/kainate glutamate receptors, appear to be abnormal, whereas changes of the NMDA glutamate receptor are less robust. The expression of several genes, including those related to the GABAergic system, neurodevelopment, and synaptic function, is decreased in schizophrenia. Taken together, recent studies of hippocampal cell number, protein expression, and gene regulation point towards an abnormality of hippocampal architecture in schizophrenia.
Introduction
Studies of the brain have contributed greatly to our current understanding of schizophrenia, but the details of the structural and functional basis of schizophrenia are not known yet. Among all the studies to date, abnormalities of hippocampal structure and function are now one of the most consistent findings (Arnold, 2000; Benes, 1999; Harrison, 1999; Harrison and Eastwood, 2001; Heckers, 2001; McCarley et al., 1999; Nelson et al., 1998a) . The main finding is a subtle but significant decrease of hippocampal volume in schizophrenia. Post-mortem studies are needed to understand the cellular and molecular basis of smaller hippocampal volume in schizophrenia. Here we will review the volumetric studies and some aspects of recent neuropathological studies to develop a conceptual framework for further investigations.
Hippocampal volume in schizophrenia
The ventromedial area of the human temporal lobe contains the amygdala, the hippocampal region, and superficial cortical areas that cover the hippocampal region and form the parahippocampal gyrus (Van Hoesen, 1997) . The hippocampal region can be subdivided into three subregions: the dentate gyrus, the Cornu Ammonis sectors, and the subiculum. Some authors have defined the hippocampal region and the closely connected entorhinal cortex, located on the anterior aspects of the parahippocampal gyrus, as hippocampal formation (Amaral and Insausti, 1990) .
The first study of hippocampal structure in schizophrenia estimated volumes from area measurements of the hippocampus on serial sections taken from whole-hemisphere specimens of the Vogt brain collection (Bogerts et al., 1985) . This study reported a 40% difference between a group of control subjects and patients with schizophrenia. Subsequently, several neuropathological and many neuroimaging studies have revisited the question: is hippocampal volume changed in schizophrenia? A recent metaanalysis (Nelson et al., 1998b) and several reviews (Dwork, 1997; Heckers, 2001; McCarley et al., 1999) have now concluded that hippocampal volume is about 5% smaller in schizophrenia, making it one of the most robust and replicated findings in all of the schizophrenia neuropathology and neuroimaging literature.
A considerable strength of structural neuroimaging studies is the ability to study hippocampal volume at the onset and throughout the course of the illness. Such studies have provided evidence that the hippocampus is smaller in schizophrenic patients early in their disease process (first-break psychosis) (Bogerts et al., 1990; Hirayasu et al., 1998; Velakoulis et al., 1999) . This is consistent with the notion that schizophrenia is not a degenerative process, leading to marked cell loss and subsequent volume changes. However, the finding of a slow progression of hippocampal volume reduction throughout the disease process, found in some (Giedd et al., 1999; Velakoulis et al., 1999) but not all studies (Wood et al., 2000) , can be interpreted as evidence for a degenerative process due to the disease (e.g., stress) or the treatment of schizophrenia.
Recent studies have reported that smaller hippocampal volume predicts whether at-risk children of schizophrenic parents will develop schizophrenia themselves (Lawrie et al., 1999; Pantelis et al., 2000) . Furthermore, adult relatives of schizophrenic patients who do not develop the full-fledged picture of schizophrenia (but might show more subtle signs of psychopathology) still have smaller hippocampal volume (Seidman et al., 1999) . These studies provide evidence for the hypothesis that a smaller hippocampus is an endophenotype (i.e., a brain abnormality linked to a genetic risk factor for schizophrenia) (Tsuang, 2000) . However, this is in contrast to a study of monozygotic twins discordant for schizophrenia which showed that hippocampal volume was consistently smaller in the affected proband when compared with the unaffected co-twin (Suddath et al., 1990) .
Despite these intriguing findings of hippocampal volume differences in schizophrenia, neuroimaging studies are limited by their spatial resolution. Anatomists can use staining techniques to delineate the hippocampus from surrounding areas (i.e., amygdala, parahippocampal gyrus, perirhinal cortex, fusiform/lingual gyrus). This allows for a reliable volume estimate of the human hippocampus, which is typically between 3-5cm 3 (after correction for shrinkage of brain tissue post-mortem) (Heckers et al., 1991) . Even when the best structural neuroimaging technology is combined with a keen understanding of the anatomy of the human hippocampus, these tools do not allow us to reliably delineate the hippocampus in the living human brain. Rather, we have to rely on arbitrary borders that are clearly visible to the human eye without the luxury of a microscope and a staining technique (Pruessner et al., 2000) .
Two important questions can be addressed at the macroscopic level of hippocampal anatomy. First, are the anterior and posterior parts of the hippocampus differentially affected in schizophrenia? Some investigators have used structural MRI to study this question (Csernansky et al., 1998; Rossi et al., 1994; Suddath et al., 1990; Velakoulis et al., 2001) . Considering the distinct afferent and efferent connections (Barbas and Blatt, 1995; Goldman-Rakic et al., 1984) and the recent evidence for a functional segregation of the anterior and posterior hippocampal formation (Lepage et al., 1998; Schacter and Wagner, 1999; Strange et al., 1999) , this finding could indicate that some but not all hippocampal functions are impaired in schizophrenia. However, most previous studies of hippocampal volume have estimated hippocampal volume based on relatively thick slices (i.e., 3 mm or more). High-resolution structural MRI scans, providing 1 mm slices through the hippocampus, are necessary to reliably estimate regional volumes of the hippocampus. Figure 1 provides an example from our laboratory for such a volumetric analysis of amygdala and three hippocampal regions (uncus, body, tail) in the human brain.
Second, is the hippocampal volume difference in schizophrenia selective for one hippocampal region (Dentate gyrus, Cornu ammonis sectors, Subiculum) (see Fig. 2 )? The hippocampus processes multimodal sensory information via a circuit of glutamatergic neurons in the dentate gyrus, CA2/3, CA1, and subiculum. Deficits in each of these nodes of the hippocampal circuitry may produce quite different patterns of neural dysfunction. This requires the study of hippocampal anatomy in schizophrenia at the level of these regions. A recent study (Wang et al., 2001 ) reported a selective reduction of hippocampal volume in the subiculum, but this inference was not based on an identification of hippocampal subdivisions but rather on mapping the hippocampal volume maps on the expected map of the normal human hippocampus. With high-resolution structural MRI scans it might be possible to identify and quantify the regions of the human hippocampus (Zeineh et al., 2000) . Such techniques would greatly advance our understanding of hippocampal volume differences in schizophrenia.
In summary, reduced hippocampal volume is now established as one of the most robust brain abnormalities in schizophrenia (McCarley et al., 1999; Nelson et al., 1998a) . It is therefore of great importance to understand the cellular basis of hippocampal pathology in schizophrenia. Is schizophrenia associated with a selective loss of cells, an abnormal expression of proteins, or an alteration at the level of gene expression (i.e., abnormal levels of mRNA) in the hippocampus? These questions have been studied in post-mortem preparations of the hippocampus.
Hippocampal neurons in schizophrenia
There are two types of neurons in the human hippocampus: large, pyramidalshaped neurons (principal cells) and smaller, non-pyramidal neurons (nonprincipal cells). These two cell types have a different neurochemical signature: the principal cells are glutamatergic and the vast majority of nonprincipal cells are GABAergic. The class of GABAergic nonprincipal cells is also referred to as hippocampal interneuron (Freund and The entorhinal cortex (EC) sends direct projections and indirect projections via the dentate gyrus (DG) and cornu Ammonis sector CA2/3 to CA1, from which output is relayed via the subiculum (S) back to EC. C The laminar organization of the human hippocampus shown for cornu Ammonis sector CA2/3. Input arrives at dendrites of pyramidal cells in the stratum radiatum/lacunosum/moleculare (RLM), output leaves via fibers in the stratum oriens (O). The two neuronal types in the pyramidal cell layer are the pyramidal shaped principal cells and the nonpyramidal shaped interneuron. At least three types of inhibitory projections can arise from hippocampal interneurons: recurrent inhibition (driven by a collateral of a glutamatergic axon), direct inhibition of a pyramidal cell, and disinhibition of a pyramidal cell (via interneuron-interneuron projection) 1996). The hippocampal interneurons can be subdivided further based on their colocalization with proteins such as the calcium-binding proteins parvalbumin, calbindin, and calretinin. These subclasses of GABAergic neurons in the human hippocampus are distributed differentially in the hippocampal subsectors and in their respective three layers (stratum oriens, stratum pyramidale, stratum radiatum/lacunosum/moleculare) (Freund and Buzsaki, 1996) . Decreased hippocampal volume could be due to a loss of neurons, which prompted several investigators to estimate the distribution, density, and number of hippocampal neurons in schizophrenia. Most studies of hippocampal neurons have relied on single or selected sections through the hippocampus. Such estimates might not reflect the true density or number of hippocampal cells. Furthermore, studies of cell density are vulnerable to the "reference trap", i.e., it is impossible to know the true number of cells in a brain region for which there is no reliable estimate of the total volume (Braendgaard and Gundersen, 1986) . For example, a true loss of hippocampal neurons could be associated with a finding of decreased neuronal density (in the setting of no significant change of hippocampal volume) or a finding of normal density (in the setting of decreased hippocampal volume). This makes it difficult to interpret cell density studies, since a negative finding (normal density) could lead to the incorrect conclusion that total cell number is unchanged.
Bearing this in mind, a review of the literature shows that most studies of hippocampal cells in schizophrenia have reported no significant change in cell density (Arnold, 2000; Dwork, 1997; Harrison, 1999) . The only study that provided estimates of total cell number found a subtle reduction of volume (5% on the left, 2% on the right) and no change in neuronal density, resulting in estimates of total cell number that were not different between schizophrenia and control subjects (Heckers et al., 1991) . This scenario, i.e., decreased volume in the context of overall normal cell number, raises two important questions.
First, is the decrease of hippocampal volume due to changes in the grey matter (pyramidal cell layer) or the white matter (stratum oriens and stratum radiatum/lacunosum/moleculare) compartments of the hippocampus (see Fig.  2 )? Heckers et al. found that the subtle volume reduction of the hippocampus in their cohort was entirely due to volume reduction of the hippocampal white matter compartments, possibly indicating the loss of intrinsic or extrinsic hippocampal connections (Heckers et al., 1991) . This is similar to the finding by Colter et al. (1987) who reported decreased white matter in the parahippocampal gyrus in schizophrenia.
Second, are subsets of hippocampal neurons selectively affected in schizophrenia? Such a deficit might not be detectable in studies of total cell number. Benes et al. distinguished hippocampal neurons based on their morphology into pyramidal and nonpyramidal cells and reported a selective decrease of the density of nonpyramidal cells, but no change in the density of pyramidal cells . Since the vast majority of neurons in the human hippocampus are pyramidal cells, a selective loss of nonpyramidal cells might go unnoticed in studies of total neuron number. Studies of protein and gene expression, which allow us to label subsets of hippocampal neurons, provide the opportunity to test the hypothesis of a selective loss of hippocampal neurons in schizophrenia. These studies will be reviewed in the next section.
Hippocampal proteins and genes in schizophrenia
The metabolic and signaling functions of neurons rely on a vast number of proteins. Some proteins are expressed constitutively whereas others undergo modulation, typically in response to environmental stimuli. A small number of proteins have been visualized in sections of post-mortem human brain tissue to characterize neurons using the techniques of immunohistochemistry and high-resolution receptor binding.
Each hippocampal cell is also endowed with the full set of genetic information in the form of DNA. However, only a fraction of the DNA is transcribed into mRNA and an even smaller fraction is expressed constitutively. The expression profile of genes is regulated by several factors, including the pattern of connectivity and the amount and type of sensory information arriving from the cortex. Recent studies have used in-situ hybridization to characterize neurons based on their gene expression profile.
Here we will briefly review the evidence for an abnormality of the GABAergic neuron, the glutamatergic neuron, and of the synaptic organization of hippocampal neurons [for more detailed reviews see: (Arnold, 2000; Benes, 1999; Benes and Berretta, 2001; Harrison and Eastwood, 2001) ]. When reviewing this literature we have to bear in mind that postmortem studies cannot avoid the confounding effects of pharmacological treatment. Some investigators have studied the effect of long-term treatment with antipsychotic drugs on protein and gene expression in the schizophrenic brain using statistical methods [e.g., see Kornhuber et al. (1989b) , Benes and Todtenkopf (1999) , ]. The study of antipsychotic drugs in animals complements these studies and helps to elucidate the mechanism of drug effects [e.g., Harrison and Roberts (2000) ]. For this review we will focus only on the studies of the human hippocampus.
GABAergic neurons
Initial studies of the hippocampal GABA system in schizophrenia focused on the targets of GABAergic neurons, i.e., GABAergic receptors. These studies revealed a regionally-specific upregulation of GABA(A) receptor binding in sectors CA2-4, but not CA1 (Benes et al., 1996 (Benes et al., , 1997 . This could indicate a compensatory upregulation of GABA(A) receptors in neurons in response to decreased GABAergic input. Most of the GABAergic receptors in the human hippocampus are expressed on glutamatergic principal cells, but a substantial proportion is also expressed on interneurons. It is of interest that a marked increase of the GABA(A) receptor in CA2/3 was found on interneurons, which indicates a decreased GABAergic regulation of other interneurons (Benes, 1999) . In contrast to the upregulation of GABA(A) receptors, a study of the benzodiazepine receptor (located on the same GABA(A)/BZD receptor complex) revealed minimal changes in the hippocampus in schizophrenia (Benes et al., 1997) . This is consistent with a differential regulation of the two subunits of the receptor complex responsible for GABA and BZD binding respectively.
The signature enzymes of GABAergic neurons are the two isoforms of glutamic acid decarboxylase, GAD65 and GAD67, i.e., the enzymes that synthesize GABA. Studies have assessed the level of protein and gene expression of GAD65 and GAD67 in the hippocampus in schizophrenia. One study of GAD65 immunoreactive terminals in the hippocampus revealed no altered regulation in schizophrenia, but a significant positive correlation of GAD65 immunoreactivity with the dose of antipsychotic medication . This provides evidence that GAD65 protein expression is regulated by antipsychotic drugs. Heckers et al. recently completed a study of glutamic acid decarboxylase (GAD) mRNA expression in the hippocampus in normal controls, patients with schizophrenia, and patients with bipolar disorder (Heckers et al., 2002) . This study revealed significant decreases of GAD65 (and to a lesser degree GAD67) mRNA expression in bipolar disorder and less significant changes in schizophrenia. The changes were most pronounced in sectors CA2/3 and CA4. This is in contrast to studies of cortical GAD mRNA expression in schizophrenia, which have shown changes primarily of GAD67 mRNA expression (Akbarian et al., 1995; Guidotti et al., 2000; Volk et al., 2000) . It is not clear yet whether these changes of GAD mRNA expression translate into changes of GAD protein expression and whether the decreased levels of mRNA are related to the previously described loss of nonpyramidal cells in schizophrenia.
GABAergic neurons can also be studied via the expression of the GABA-reuptake transporter protein. One study found the GABAergic uptake sites to be decreased in the hippocampus in schizophrenia (Reynolds et al., 1990) . This could be due to an overall decrease in the number of GABAergic neurons or due to a decreased level of expression of the GABA transporter.
The calcium binding proteins parvalbumin, calbindin, and calretinin are expressed in essentially non-overlapping subpopulations of interneurons in the human hippocampus (Seress et al., 1993) . Therefore, the study of these proteins permits inferences about selective alterations of GABAergic neurotransmission in schizophrenia. Previous studies of parvalbumin-positive neurons in the cerebral cortex in schizophrenia have found them to be decreased Reynolds and Beasley, 2001) or unchanged (Woo et al., 1997) , whereas calretinin-positive cells Daviss and Lewis, 1995) were not changed. A recent study of the hippocampus found a significantly decreased density of parvalbuminpositive neurons in all hippocampal regions, while the density of calretininpositive cells was normal . This provides the first evidence for a specific deficit of a subset of hippocampal interneurons in schizophrenia.
Taken together, there is now good evidence for an abnormality of hippocampal interneurons in schizophrenia. Future studies need to address the details of the anatomical organization of these neurons in schizophrenia.
Glutamatergic neurons
The vast majority of hippocampal neurons are glutamatergic. Glutamate controls the excitation of neurons and glia through the activation of various glutamate receptors. Most studies of glutamatergic neurons in schizophrenia have focused on the expression of these receptor complexes. Glutamate receptors include ion channels (ionotropic glutamate receptors) and Gprotein coupled receptors (metabotropic glutamate receptors) (Ozawa et al., 1998) . Ionotropic glutamate receptors are named after their distinguishing ligands and classified into NMDA receptors (N-methyl-D-aspartate), AMPA receptors (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid), and kainate receptors.
The expression of various glutamate receptor subtypes is altered in the hippocampus in schizophrenia (Meador-Woodruff and Healy, 2000) . In a number of studies, the AMPA subunits GluR1 and GluR2 were decreased in the hippocampus and the parahippocampal gyrus (Eastwod et al., 1995 (Eastwod et al., , 1997 Harrison et al., 1991) . In concordance, ligand binding to AMPA receptors was decreased (Kerwin et al., 1990) . The kainate receptor subtypes GluR6 and KA2 were also significantly reduced in the schizophrenic hippocampus (Porter et al., 1997) . Studies on kainate receptor density, conducted with radiolabeled kainate, demonstrated a decrease in the hippocampus (Deakin et al., 1989; Kerwin et al., 1990) .
Initial studies of the NMDA receptor, which focused on the PCP binding site located inside the ion channel, found no marked changes in the hippocampus in schizophrenia (Kornhuber et al., 1989a; Meador-Woodruff and Healy, 2000) . A recent study of the NMDA receptor subunits NR1, NR2A, and NR2B found an increase of NR2B mRNA and a decrease of NR1 mRNA in the hippocampus in schizophrenia (Gao et al., 2000) .
Taken together, these studies provide good evidence for selective changes of glutamatergic receptors in the hippocampus in schizophrenia. In the context of the morphometric studies estimating cell number in schizophrenia, these changes do not appear to indicate a loss of glutamatergic neurons, but rather a functional adaptation.
Synaptic organization
The most important function of neurons is the transmission of signals via the release of neurotransmitters. The anatomical organization of the synapse is crucial for an optimal signal transfer from the presynaptic to the postsynaptic neuron. Several studies have investigated the expression of proteins and genes involved in the construction of functional synapses in schizophrenia [for review see: Harrison and Eastwood (2001); Honer et al. (2000) ]. The most frequently studied proteins are synapsin and synaptophysin, which are involved in the formation of synaptic vesicles. The majority of studies have reported a decreased gene and protein expression of these two synaptic proteins in schizophrenia (Harrison and Eastwood, 2001) .
One intriguing finding stems from studies of two synaptic proteins, complexin I and complexin II. In the hippocampus, complexin I mRNA is expressed primarily in interneurons, whereas complexin II mRNA is expressed primarily in pyramidal neurons (Eastwood et al., 2000; Harrison and Eastwood, 1998) . In schizophrenia, both complexin mRNAs were found to be reduced, but more so for complexin II. Furthermore, at the level of protein expression, only complexin II was decreased. This has been interpreted as evidence for a preferential involvement of excitatory neurons in the medial temporal lobe in schizophrenia (Harrison and Eastwood, 1998) .
The interpretation of the studies investigating the expression of genes and proteins involved in synaptic organization has to take into consideration several scenarios that could explain the changes seen in post-mortem human brain tissue. For example, synaptic organization could have been abnormal early during brain development, could have occurred after onset of the illness, or only during the final stages of life. The preferred inference would be that such changes can tell us something about the pathophysiology and ultimately the psychopathology of schizophrenia [e.g., schizophrenia is a disorder of connectivity (Feinberg, 1982; Friston, 1998; McGlashan and Hoffman, 2000) ], but there are several less far reaching alternatives (Harrison and Eastwood, 2001 ). The combined approach of quantitative neuroanatomy, proteinomics, and gene expression profiling could provide some compelling new data to better understand these changes of synaptic organization in the hippocampus.
The role of the hippocampus in schizophrenia
Here we have reviewed three lines of evidence of hippocampal pathology in schizophrenia: decreased hippocampal volume, selective decrease of hippocampal neurons, and decreased expression of proteins and genes associated with GABAergic neurons, glutamatergic neurons, and synaptic organization. Although it is premature to draw any conclusions about the cellular pathology of the hippocampus in schizophrenia, it seems safe to make the following statements:
1) The hippocampus is smaller in schizophrenia.
2) The total number of hippocampal neurons is not reduced to the degree seen in Alzheimer's disease or temporal lobe epilepsy.
3) The number of interneurons appears to be more reduced than the number of principal cells. 4) Changes of GABAergic and glutamatergic neurotransmission indicate decreased activity of GABAergic neurons and decreased function of the AMPA glutamate receptor. 5) Abnormalities of synaptic proteins indicate abnormal synaptic function in the hippocampus.
What does this evidence tell us about the role of the hippocampus in the pathophysiology of schizophrenia?
The human hippocampus receives highly-processed, multimodal sensory information via two inputs from the entorhinal cortex (one direct pathway to CA1, another via DG AE CA2/3 AE CA1), compares the two inputs, and sends information back to the cortex via the entorhinal cortex and to limbic structures via direct projections. This unique pattern of connections appears crucial for at least two brain functions, i.e., memory (in concert with association cortices) and affect regulation (in concert with the hypothalamus, thalamus, amygdala, and anterior cingulate cortex), both of which are abnormal in the majority of patients with schizophrenia. It is less clear, however, which role the hippocampus plays in the pathogenesis of the cognitive and affective changes in schizophrenia.
It is unlikely that the hippocampus is the sole or even primary locus of pathology in schizophrenia. There is compelling evidence, that all three regions closely associated with the hippocampus (i.e., entorhinal cortex, multimodal association cortex, and limbic system) are abnormal in schizophrenia. For example, a disturbed architecture of the entorhinal cortex neurons could lead to abnormal hippocampal projection patterns (Jakob and Beckmann, 1986) . Furthermore, projections to the medial temporal lobe could be affected by a primary cortical abnormality (Lewis and Lieberman, 2000) . Lastly, hippocampal dysfunction could be due to primary changes in the amygdala, cingulate cortex, or thalamus (Benes, 1998; Benes and Berretta, 2000) . Only the integrated approach of studying more than one brain region (in both neuroimaging and postmortem studies) will be able to shed light on the role of each of these nodes of a widely distributed circuit.
Abnormalities of hippocampal structure in schizophrenia could be primary for the features of schizophrenia, or they could be secondary due to the disease process, the stress associated with a life-long disabling mental illness, or the various treatments of schizophrenia. Postmortem studies will not be in a strong position to address these concerns. Neuroimaging studies, however, can follow patients over time and can map out the time course of the hippocampal changes in schizophrenia.
If we can establish that the hippocampus is a crucial locus of pathology that gives rise to, rather then results from, schizophrenia, we still have to link the structural and functional abnormalities to the clinical features of schizophrenia. We also have to investigate whether hippocampal abnormalities are found in all patients with schizophrenia or only in a subgroup. Furthermore, if hippocampal abnormalities can be linked to psychotic symptoms, we have to study other psychotic disorders (e.g., bipolar disorder, depression with psychotic features) for abnormalities of the hippocampus. Neuroimaging and electrophysiological studies of hippocampal function are necessary for this last piece of the puzzle. Such studies have demonstrated a role of the hippocampus for disorders such as epilepsy and dementia. We now have the tools for such studies in schizophrenia (Heckers, 2001) .
